The ferric citrate transport system of Escherichia coli is the first example of a transcription initiation mechanism that starts at the cell surface. The inducer, ferric citrate, binds to an outer membrane transport protein, and without further transport elicits a signal that is transmitted across the outer membrane, the periplasm, and the cytoplasmic membrane into the cytoplasm. Signal transfer across the three subcellular compartments is mediated by the outer membrane transport protein that interacts in the periplasm with a cytoplasmic transmembrane protein. The latter is required for activation of a sigma factor which belongs to the extracytoplasmic function sigma factor family. A similar kind of transcription regulation has been demonstrated in Pseudomonas putida, P. aeruginosa, Serratia marcescens, Klebsiella pneumoniae, Aerobacter aerogenes, Bordetella pertussis, B. bronchseptica, B. avium, and Ralstonia solanacearum. The genomes of P. putida, P. aeruginosa, Nitrosomonas europaea, Bacteroides thetaiotaomicron and Caulobacter crescentus predict the existence of many more such transcriptional regulatory devices.
Introduction
Cells communicate with other cells and with their environment. In bacteria, intercellular communication includes interbacterial communication and communication with eukaryotic host cells. Interaction of bacteria with the environment involves nutrients such as lactose which enter the cytoplasm and regulate transcription via repressor proteins or activator proteins. Intercellular communication occurs by low-molecular weight substances such as N-acyl homoserine lactones which are synthesized at high cell densities, enter the cytoplasm and interact with transcriptional activators of target genes. Other environmental regulatory substances of gene expression do not enter the cytoplasm but bind in the periplasm of Gram-negative bacteria to sensor proteins located in the cytoplasmic membrane which are phosphorylated and in turn phosphorylate cytoplasmic response regulators which frequently act as transcriptional activators (two-component regulatory systems). Another type of regulatory substances does not enter the periplasm but binds to proteins which are exposed at the surface of Gram-negative cells. Binding elicits a signal that is transferred across the outer membrane, the periplasm and the cytoplasmic membrane into the cytoplasm where specific sigma factors become active and initiate transcription of target genes. Such sigma factors were designated extracytoplasmic function (ECF) sigma factors to take into account their response to environmental signals. This review will focus on a subclass of the ECF sigma factors which are structurally and functionally related to the most extensively studied ECF sigma factor regulation of the ferric citrate transport system of Escherichia coli (Fec system). These systems are composed of transport genes and regulatory genes which are arranged as the E. coli Fec system. They are only contained in Gram-negative bacteria. Regulatory substances of low or high molecular weight in the growth medium bind to outer membrane proteins and stimulate transcription initiation from there without entering the cells. Information of the presence of the stimulatory substances must be transmitted across three cell compartments, the outer membrane, the periplasm and the cytoplasmic membrane into the cytoplasm. However, there is a difference in the mechanisms of how this subclass of ECF sigma factors function. ECF sigma factor activity of the Fec system and of some related regulatory systems depends on the presence of the regulatory protein in the cytoplasmic membrane. In its absence the sigma factors are inactive. In other ECF sigma factor systems the regulatory protein functions as an anti-sigma factor leading in its absence to active sigma factors. It is still an open question whether this is a fundamental mechanistic difference or merely caused by an instability of the Fec type sigma factors in the absence of the regulatory protein in the cytoplasmic membrane.
2. Exogenous induction of the ferric citrate transport system by ferric citrate in E. coli Ferric citrate induces iron uptake by E. coli [1] . Addition of at least 0.1 mM citrate to media suffices to induce the system; however, it is actually ferric citrate, formed in sufficient amounts with the iron present in the growth medium that acts as the inducer. Prevention of ferric citrate formation by added deferri-ferrichrome, a siderophore with a high affinity for Fe 3+ , abolishes induction of the iron transport system [2] . These results are corroborated by using lacZ as a reporter gene fused to a ferric citrate transport gene. Synthesis of b-galactosidase is induced by ferric citrate, but not by citrate (Braun, 14 C]citrate uptake, is inducible by ferric citrate. Moreover, fluorocitrate and phosphocitrate induce citrate-mediated iron uptake, but transport iron very poorly. The same concentration of ferric citrate that induces the transport system is required to maintain it, which argues against the involvement of a ferric citrate transport system in induction [2] . These physiological data are supported by genetic results that show that ferric citrate induces synthesis of an outer membrane protein in mutants that do not transport iron [3] . These mutants are impaired in citrate-mediated iron transport across the cytoplasmic membrane. Furthermore, a genetically constructed Mud1 insertion mutant in the gene that encodes a periplasmic binding protein involved in citrate-mediated iron transport across the cytoplasmic membrane is inducible [2] [3] [4] . These data clearly indicate that ferric citrate induces formation of the ferric citrate transport system without entering the cytoplasm.
Regulation of ferric citrate transport by a six-component system
Six proteins are known to be involved in transcription regulation of the ferric citrate transport system: FecA, FecR, FecI, TonB, ExbB, and ExbD (Fig. 1) . The citrate-mediated iron transport system is encoded by five transport genes, designated fecABCDE. fecA encodes an outer membrane protein, fecB a periplasmic protein, fecC and fecD cytoplasmic membrane proteins, and fecE an ATP-binding protein [5] associated with the inside of the cytoplasmic membrane (Fig. 1) . FecA transports ferric citrate across the outer membrane, and FecBCDE transport iron across the cytoplasmic membrane. It has not been determined in which compartment iron dissociates from citrate. It is likely that dissociation occurs at the FecB protein since ferric citrate and iron protect isolated FecB from being degraded by added proteases (Braun, V., and Herrmann, C., unpublished results), which suggests that both ferric citrate and iron bind to FecB. FecBCDE belong to the large group of ABC transporters. Fig. 1 . Illustration of the regulatory activities (left side) and transport activities (right side) of the Fec system. In FecA, part of the b-barrel is not drawn to show the globular domain (yellow). The model depicts the movement of loops L7 and L8 upon binding of dinuclear ferric citrate [11, 12] . FecA transports ferric citrate and signals its occupation by ferric citrate into the periplasm, where it interacts with FecR, which transmits the information across the cytoplasmic membrane and activates the FecI sigma factor [43] . The domain structure of FecI is shown. The Fur repressor loaded with Fe 2+ binds to the promoters upstream of fecI and fecA. FecI directs the RNA polymerase only to the fecA promoter, whereas r 70 is used for fecIR transcription. The TonB-ExbB-ExbD complex (the drawing does not reflect the assumed stoichiometry of the complex [9] ) is involved in transport and signalling across the outer membrane. The crystal structure of the dimeric C-terminal end of TonB is shown. r 2 , r 3 and r 4 signify predicted domains if FecI.
The fecIR regulatory genes are encoded upstream of the fecABCDE transport genes. Synthesis of FecIR is required for ferric citrate induction and is controlled by the Fur protein, which acts as repressor when loaded with Fe 2+ . Transcription of fecIR is de-repressed under iron-limiting conditions, and such de-repressed cells are primed to react to ferric citrate in the medium.
The FecA signal receiver and signal transmitter
Of the six proteins required for regulation, FecIR are involved only in ferric citrate regulation [6, 7] , whereas TonB and ExbBD are also required for ferric citrate transport and a number of outer membrane functions, such as transport of ferric siderophores and vitamin B 12 , infection by certain phages, and sensitivity to Bgroup colicins and certain microcins [8, 9] . FecA fulfils a dual role in that it (i) transports ferric citrate, and (ii) is involved in initiation of fecABCDE transcription in response to ferric citrate binding without ferric citrate transport. All FecA mutants isolated are affected in induction and transport, with one exception. The FecA4 mutant protein with three amino acid replacements induces transcription without transport [10] . FecA4 displays 10% of the wild-type level of induction in the absence of ferric citrate and TonB; this level is only slightly enhanced in the presence of ferric citrate and is uninfluenced by TonB. However, growth on ferric citrate resumes in the presence of TonB [10] . In wild-type cells and in all the other fec mutants, TonB and ExbBD are required for ferric citrate transport and induction.
Binding of ferric citrate to FecA causes structural changes in FecA, as revealed by the crystal structure of the protein (Fig. 1) [11, 12] . Dinuclear (Fe 3+ -citrate) 2 binds to FecA and causes a large shift of surface loops 7 and 8, which closes the access to the binding site of ferric citrate in the surface cavity of FecA ( Figs. 1 and 2 ). Escape of bound ferric citrate to the medium is thus prevented. Compared to other ferric siderophore outer membrane transport proteins which are not involved in gene transcription initiation, FecA contains 79 additional N-proximal residues which do not diffract in liganded and unliganded FecA that a structure can be deduced. This region is followed by the TonB box which interacts with region 160 of TonB, as shown in vivo by spontaneous disulfide cross-linking between cysteine residues introduced by replacement of residues 80-85 in the TonB box of FecA and residues 160, 162, and 163 of TonB [13] . It is assumed that interaction with TonB causes a structural change in FecA that leads to dissociation of ferric citrate from the binding site, opening of the channel in the FecA b-barrel, and unidirectional diffusion of ferric citrate into the periplasm. Similar structural transitions are apparently required for induction.
Interaction of FecA with FecR
The signal generated by binding of ferric citrate to FecA is transmitted by FecA across the outer membrane into the periplasm, where it is received by FecR. The Nterminal region of FecA interacts in the periplasm with the C-terminal region of FecR [14] . Such an N-terminal extension is not found in energy-coupled outer membrane transport proteins that display no regulatory function [14, 15] . The apparently flexible FecA N-terminal region is located in the periplasm [11, 15] . Deletion of residues 14-68 of mature FecA abolishes FecA-mediated induction, but transport is maintained [15] . FecA is retained by (His) 10 -FecR (His tag at the N-terminus) bound to a Ni 2+ -agarose column, whereas FecAD14-68 is not retained [16] .
FecR is a 317-residue transmembrane protein that spans the cytoplasmic membrane once [17] . The transmembrane segment is formed by residues 85-100. Through deletion analysis, the interacting site of FecR was localized to region 237-317. This region contains a leucine heptad motif that is conserved among FecR homologues (Fig. 3) . Mutations in this region and adjacent regions strongly reduce the FecR induction activity [14] . With one FecR mutant in which glutamate-138 is replaced by aspartate and valine-197 is replaced by alanine, FecR(D138E, V197A), transcription is induced in the absence of ferric citrate, and the periplasmic fragment (residues 101-317) binds more strongly to the periplasmic fragment of FecA (residues 1-79) [14] . Three mutant FecR proteins -FecR(L254E), FecR(L269G), and FecR(F284L) -display 8% of FecR wild-type activity. Screening for suppressor mutations in fecA yielded FecA(G39R) and FecA(D43E), which restore fec transcription induction to 13-37% of the wild-type level. These results indicate interaction in the periplasm of the N-terminal region of FecA with the C-terminal region of FecR and define interacting sites within these regions.
Interaction of FecR with FecI
The FecI protein is a group 4 sigma factor [18] . Group 4 sigma factors are also designated ECF sigma factors because of their involvement in extracytoplasmic functions [19] . ECF sigma factors are frequently controlled by anti-sigma factors. However, FecI in the absence of FecR does not induce fec transport gene transcription, which suggests that FecR does not function or not only function as an anti-sigma factor. The cytoplasmic FecR1-85 fragment induces fec transcription constitutively without the presence of ferric citrate. FecR1-85 can be further truncated to form FecR1-58 and FecR9-85, which still interact with FecI and induce transcription [16] .
FecR1-85 contains three tryptophan residues that are highly conserved in FecR homologues of other bacteria (Fig. 4) [17] . In randomly generated induction-negative fecR mutants, the three tryptophan residues are replaced by arginine residues. Using a bacterial two-hybrid system, two of these mutants were shown not to interact with FecI. In a FecR mutant in which a partially conserved leucine residue (L13, Fig. 4 ) is mutated to glutamine (L13Q), induction is reduced to 16% of the wildtype level. FecI is retained on a Ni 2+ -agarose column loaded with FecR-(His) 6 (His tag at the C-terminus) [16] . These results indicate that FecR is required for induction, and that the N-terminal region interacts in the cytoplasm with the FecI sigma factor.
FecI belongs to the r 70 class of sigma factors. Sigma factor activity has been shown by various means. In vitro transcription of fecA depends on FecI and RNA polymerase core enzyme, whereas RNA polymerase (RNAP) charged with r 70 does not transcribe fecA [18] . DNA band-shift exerted by a crude cell extract depends on the presence of FecIRA and growth of cells in a ferric-citrate-containing medium [18, 19] . FecI-RNAP binds to the promoter upstream of fecA, as revealed by in vitro band-shift experiments with a DNA fragment of the fecA promoter and purified FecI [19] . Randomly mutagenized fecA promoter DNA contains point mutations in the unusual +13 region that binds FecI-RNAP only weakly [18, 19] .
The fecI promoter contains a Fur box, which is involved in repression of fecI transcription by iron. Fur loaded with Mn 2+ (Mn 2+ is less prone to oxidation than Fe 2+ ) protects 24 nucleotides from the coding strand, as revealed by in vitro DNase I footprinting [18] . In addition to binding to the fecI promoter, Fe 2+ -Fur also binds to the fecA promoter [18] . This results in a rapid inhibition of fecA transcription under iron-replete conditions. If only fecIR transcription were iron-regulated, the FecIR proteins formed prior to iron inhibition would have to be diluted out by growth of the cells or proteolytically degraded so that FecIR-mediated fec transport gene transcription no longer takes place. Point mutations in the predicted Fur box lead to a decrease in binding of Fe 2+ -Fur, which results in increased fecIR transcription and in turn fecB-lacZ transcription [17] .
FecI has a domain structure similar to that of r 70 except that FecI lacks region 1.1. Region 4 of FecI is involved in binding to FecR, and this binding is necessary for FecI to function as a sigma factor. An in vivo deletion analysis of FecI using a bacterial two-hybrid system reveals that region 4 of FecI interacts with the cytoplasmic N-terminus of FecR. Binding of FecR1-85 delays degradation of FecI by trypsin (Mahren, S., and Braun, V., unpublished results). Randomly generated missense mutations have been localized to region 4 of FecI. Those affected in binding to FecR are also impaired in fecB-lacZ transcription [20] . FecI binds to the b 0 subunit of RNA polymerase, and binding is enhanced by FecR1-85 [21] . Region 2.2 represents the most highly conserved region of the r 70 family (Fig. 5 ) [18, 19] . The crystal structures of the Thermus aquaticus [22] and T. thermophilus E. coli B, Klebsiella pneumoniae UA24255, and Aerobacter aerogenes were determined in E. coli K12 MO704 which contains a kanamycin resistance cassette in the fecIR genes and a chromosomal fecB-lacZ operon fusion used as reporter gene [24] . As in E. coli K-12, none of the fecI genes initiated transcription of fecB-lacZ. Addition of the homologous FecR fragment 1-85 resulted in constitutive transcription of fecB-lacZ. Addition of the homologous complete FecR gene induced fecB-lacZ transcription in response to ferric citrate in the medium. In Shigella flexneri 2a YSH6000 a complete fec operon is contained on a pathogenicity island on the chromosome close to a cluster of multiple antibiotic resistance determinants which in addition contains more than 22 prophage-related open reading frames [25] . fecA transcription depended on the presence of the fecI gene (fecR was not tested). Among 55 Shigella strains examined, Southern analysis revealed fecA in 35 strains. The functional identity of FecI and FecR of these strains to FecI and FecR of E. coli K-12 is not surprising since the FecI proteins are 100% and the FecR proteins are 96-100% identical to the FecI and FecR proteins of E. coli K-12.
3.2.
Bordetella heme uptake is regulated by surface signalling B. pertussis, B. bronchiseptica and B. avium synthesize a heme uptake system encoded by the bhuRSTUV operon and two upstream regulatory genes named hurIR in B. pertussis and B. bronchiseptica and RhuIR in B. avium [26] [27] [28] . The operons strongly resemble the fec-IRABCDE operon. BhuR exhibits 26-28% sequence identity to outer membrane heme transporters, binds and transports heme. RhuR is required for heme-induced bhuR-lacZ transcription, as shown by a bhuR mutant no longer responding to heme as an inducer [26] . HurI (RhuI) and HurR (RhuR) display 42-46% and 27-29% sequence identity to FecI and FecR, respectively. Fur boxes are located upstream of hurI (rhuI) and bhuR, as have been identified upstream of fecI and fecA. DhurI mutants are deficient in utilization of heme and hemoglobin, whereas a DrhuR mutant no longer grows on hemoglobin but grows on heme. RhuR is required for RhuI sigma factor activity [28] . A RhuRBlaM fusion protein that consists of the N-proximal 97 amino acid residues leads to a heme-independent constitutive transcription of lacZ under the control of the bhuR promoter. Transcription of a bhuR-lacZ fusion depends on the presence of hurI. Response to heme requires hurI and hurR. RhuR was localized to the cytoplasmic membrane. As in the E. coli Fec system, RhuR is required for RhuI activity and an N-terminal RhuR fragment leads to constitutive expression of bhuR.
In addition to a heme transport system, B. bronchiseptica synthesizes a number of iron-regulated outer membrane transporters for the uptake of various ferric siderophores. The bfrZ gene encodes an iron-regulated outer membrane transporter for an unknown substrate [29] . Upstream of bfrZ are two tightly linked genes, bupI and bupR, whose products display 26% and 24% sequence identity to FecI and FecR, respectively. Overexpression of bupI results in transcription of a bfrZ-phoA reporter gene, which suggests that bupR is not required for BupI sigma factor activity, but functions as an anti-sigma factor. The role of BupR is not known since the inducer has not been identified.
Hemophore-mediated signal transduction in Serratia marcescens
S. marcescens secretes a protein, the HasA hemophore, which releases heme from hemoglobin [30] . Heme-loaded HasA binds to the outer membrane protein HasR; heme is then unloaded and taken up by the cells. Two regulatory genes, hasI and hasS, are located upstream of hasR. The encoded HasI and HasS proteins exhibit 30% and 24% sequence identity to FecI and FecR, respectively [31] . At a heme concentration below 0.5 lM, HasA-mediated heme uptake is required for growth of a heme auxotroph, whereas heme utilization at higher heme concentrations does not necessarily involve the hemophore. Synthesis of HasA and HasR occurs in low-iron medium and requires HasI. Regulation takes place at the transcriptional level, as shown by a hasR-lacZ operon fusion that is only expressed under iron-restricted conditions in the presence of hasI. The presence of hasS reduces hasR-lacZ transcription, which indicates a negative regulation of transcription. Transcription starts 62 nucleotides upstream of the hasR initiation codon and 6 bp upstream of a putative Fe 2+ -Fur binding site. HasA and HasR are required for transcription initiation. HasA must be loaded with heme to induce transcription, although unloaded HasA binds with the same affinity to HasR as heme-loaded HasA. These data imply two very interesting conclusions: (i) the inducer does not enter the cytoplasm or periplasm, but rather acts from the cell surface and (ii) HasR differentiates between heme-loaded and heme unloaded HasA. Although heme is transported by HasR, heme does not serve as an inducer and hemoglobin is also not an inducer.
The tonB, exbB, and exbD genes are required for heme-hemophore induction of hasR transcription. Signal transduction as such probably requires the Ton system; release of heme from the hemophore might not be required since heme and unloaded hemophore do not induce. A second tonB-like gene, designated hasB, lies near the has region. Either tonB or hasB is sufficient for heme uptake and induction of hasR-lacZ transcription. Although lack of hasB can be complemented by tonB, hasB does not replace tonB in functions other than heme transport. Since the amounts of TonB are much lower than those of TonB-coupled outer membrane proteins, it is likely that TonB is limiting and that two tonB genes could provide the necessary amounts of TonB for hemophore-dependent heme uptake and transcription induction. In fact, it has been shown that the hemophore-mediated heme uptake requires a higher concentration of the TonB-ExbB-ExbD complex and more energy than the direct heme uptake which is not mediated by the hemophore [32] .
Transcription induction by heme-loaded hemophore requires the same components as transcription induction of the ferric citrate transport genes: an outer membrane induction and transport protein, TonB, ExbB and ExbD, and the HasI (FecI) and HasS (FecR) regulatory proteins. The difference in the two transcription induction systems lies in the activities of the HasS and FecR proteins. HasS has an anti-sigma factor activity; it is unclear whether FecR functions as an anti-sigma factor, but is certainly required for FecI activity. Discrimination of heme-loaded versus heme-unloaded HasA for induction via HasR poses an interesting problem that is reminiscent of the fec transport system being induced by ferric citrate, but not by citrate [2] , even though dicitrate binds to the same cavity as diferric dicitrate [12] . However, the crystal structures reveal that some of the FecA binding residues differ, and the conformation of citrate is distinct from the conformation of citrate in the iron-loaded form.
Surface signalling in Pseudomonas aeruginosa
Analysis of the genome of P. aeruginosa predicts 19 ECF sigma factors, 10 of which are of the FecI, HasI type and are part of a system similar to FecIRA and Has ISR. Such systems usually have the same gene arrangement as fecIRA, and the outer membrane protein contains an extended N-terminus, which in FecA interacts with FecR. The bipartite signalling device in P. aeruginosa consists of the outer membrane protein FpvA and the predicted cytoplasmic membrane protein FpvR, which interestingly controls the activity of the two sigma factors PvdS and FpvI [33] . The activities of PvdS and FpvI are controlled by the iron siderophore pyoverdine, which is secreted into the growth medium, complexes Fe 3+ , and transports Fe 3+ into the cytoplasm. Pyoverdine and Fe 3+ -pyoverdine bind to the FpvA protein in the outer membrane; FpvA acts as a signal receiver and as a signal transmitter across the outer membrane and transports Fe 3+ -pyoverdine across the outer membrane. Like FecA, FpvA contains an N-terminal extension, and deletion of 64 residues of the first 66 amino acid residues reduces production of pyoverdine, but maintains pyoverdine-dependent growth [34] . The signal is transmitted by the FpvR protein across the cytoplasmic membrane into the cytoplasm, where PvdS and FpvI are converted into active sigma factors. Since PvdS is active in mutants lacking FpvR and overexpression of FpvR inactivates PvdS, FpvR probably functions as an anti-sigma factor of PvdS [34] . PvdS is involved in transcription of a number of genes, among them genes that encode enzymes for biosynthesis of pyoverdine, and virulence proteins such as exotoxin A, the alkaline metalloprotease AprA, and the endoproteinase, and the toxA regulatory genes regA and ptxR. In contrast, FpvI regulates transcription only of fpvA. Transcription of pvdS, fpvI, and fpvR is repressed by Fe 2+ -Fur [34, 35] . FpvI synthesis is regulated like PvdS synthesis via Fe 3+ -pyoverdine, FpvA, and FpvR [34] .
Surface signalling in Pseudomonas putida
Of the 24 sigma factors of P. putida KT2440, 19 are of the ECF type, and 13 of these display sequence similarities to FecI [36] . Eleven of the homologous fecI genes are flanked by genes homologous to fecR and fecA and are arranged like fecIRA, which suggests that transcription regulation of the outer membrane transporter genes occurs similarly to that of FecIRA, and in fact has been shown for pupBIR of P. putida WCS358 [37] . The PupB protein transports ferric pseudobactin BN8 across the outer membrane of P. putida. Synthesis of PupB is induced by pseudobactin BN8 [37] . Two additional proteins are involved in the regulation of pupB transcription: PupI, which has 43% sequence identity to FecI, and PupR, which has 37% sequence identity to FecR. In a pupI + strain, iron limitation increases pubB-lacZ transcription 3-fold, and pseudobactin BN8 increases pubB-lacZ transcription 12-fold. When pupI is deleted, pupB is not transcribed. When pupR is inactivated, pupI mediates pupB transcription in the absence of pseudobactin BN8. Apparently, PupR represses PupI-mediated pupB transcription, but is required for optimal pupB transcription induced by pseudobactin BN8. The data suggest that PupR functions as an anti-sigma factor of PupI, but enhances pupB transcription 2 to 3-fold in the presence of the inducer pseudobactin BN8 [37] .
The region of PupB involved in transcription initiation was elegantly identified by constructing hybrid proteins between PupB and another outer membrane protein, PupA, which transports ferric pseudobactin 358. Pseudobactin 358 does not induce PupA synthesis. A PupB-PupA hybrid protein composed of 86 N-terminal amino acid residues of PupB and 690 residues of PupA induces pupB transcription in response to pseudobactin 358, but not to pseudobactin BN8. Substrate specificity is conferred by the PupA fragment and induction by the PupB fragment. This conclusion is supported by the properties of the equivalent PupA-PupB hybrid protein, which does not induce pupB transcription in response to pseudobactin BN8 [37] . Comparison of PupB with the crystal structures of FecA suggests that the PupB N-terminal fragment is analogous to the FecA N-terminal fragment, which is involved in signalling and directly binds to FecR. The following mechanism of pupB transcription initiation is proposed: ferric pseudobactin BN8 binds to PupB and initiates structural changes in PupB that elicit a signal transduced by PupR across the cytoplasmic membrane; PupR no longer binds PupI, which then mediates pupB gene transcription.
Plant hypersensitive response elicited by Ralstonia solanacearum through contact surface signalling
Contact of R. solanacearum with non-host plant cells elicits a hypersensitive response in the plant cells. Physical contact between the bacteria and the plant cells is required, and no soluble elicitor seems to be involved. Contact is sensed by the PrhA protein in the outer membrane of R. solanacearum; PrhA belongs to the TonBdependent class of proteins [38] . Two genes, prhI and prhR, are located in the hypersensitive-response gene cluster. They encode proteins with 39% and 27% sequence identity to FecI and FecR, respectively [39] . The PrhAIR proteins initiate a regulatory cascade in which PrhA receives a signal upon binding of R. solanacearum to plant cells. The signal is transmitted by PrhR across the cytoplasmic membrane into the cytoplasm, where the PhrI sigma factor initiates synthesis of the PrhJ regulatory protein. PrhJ initiates synthesis of HrpG, a two-component response regulator that controls synthesis of the master regulatory protein HrpB, which controls transcription of the hrp, hrc, and pop genes that encode among others functions for a type III protein secretion system and a two-component regulatory system. Mutations in prhA, prhI, or prhR show delayed disease symptom formation in plants. A mutation in prhR that retains a 127-residue N-terminal fragment is fully pathogenic. This observation and the fact that prhR mutants become less pathogenic suggest that PrhR is required for PrhI activity, as FecR is required for FecI activity. In both systems, the R components do not simply act as anti-sigma factors of the I components.
4. Surface signalling systems predicted from sequenced genomes 4.1. The genome of Photorhabdus luminescens encodes a complete fecIRABCDE operon P. luminescens is related to Yersinia pestis, and lives in the gut of nematodes through which it enters insects where it multiplies, kills the insects, and serves as nutrient for the nematodes. The genome predicts five ECF sigma factors [40] , one of which is a FecI homologue (73% amino acid identity); the fecI gene is closely linked to a gene encoding a FecR homologue (64% identity) and genes encoding FecABCDE (65% average identity) arranged as in E. coli. It will be interesting to determine under which conditions -symbiotic in the nematodes or pathogenic in insects -the fecIRABCDE transport system is expressed. In addition, it must be determined whether the system transports ferric citrate or another ferric siderophore.
The genome of Nitrosomonas europaea predicts 22
FecI-type sigma factors N. europeae can derive all its energy from oxidation of ammonia to nitrite and fixes carbon dioxide as carbon source. Of the 22 FecI-like sigma factor genes, 20 are arranged in tandem with fecR-like genes [41] . Fifteen of the fecIR-like tandem genes are associated with genes that encode predicted outer membrane transport proteins. Although no siderophore biosynthesis genes are apparent, with the exception of those for citrate, it is likely that some of the outer membrane proteins associated with fecIR transport ferric siderophores that N. europeae recruits from other microorganisms. N. europeae apparently depends heavily on various iron sources of its environment and adapts its transport capacity to the available ferric siderophore. The genome of N. europeae encodes a rather high number of iron-containing cytochromes.
4.3. The genome of Bacteroides thetaiotaomicron predicts a very high number of FecI-type sigma factors B. thetaiotaomicron belongs to the dominant human intestinal symbionts that can use a large variety of complex polysaccharides. Analysis of the genome sequence predicts 50 ECF sigma factors, which indicates that it can extensively adapt to its environment. The genes of 30 FecI-like ECF sigma factors are linked with downstream genes encoding putative FecR-like transmembrane signalling proteins, 23 of which are in addition linked to genes encoding putative outer membrane transport proteins. Sequence identity to E. coli FecI ranges from 6% to 29%, to FecR from 8% to 33%, and to FecA from 5% to 12%. Sequence similarity and the arrangement of the genes suggest a regulatory device similar to that of the E coli Fec system. Substrates other than iron compounds might initiate transcription, and in the case of biopolymers their degradation products might be transported. For example, genes homologous to fecIR are located upstream of genes encoding two outer membrane proteins that bind polysaccharides required for their utilization [42] . The three closely linked genes encoding glycosidases could degrade the polysaccharides to fragments that can be transported.
The genome of Caulobacter crescentus predicts 4 FecI-type sigma factors
The genome sequence of C. crescentus contains four loci at which three genes with sequence similarities to fecIRA are tandemly arranged. An N-terminal extension is predicted for three of the FecA homologs, which might interact with the FecR homologs. Analysis of the C. crescentus genome predicts an unusually large number, 67, of TonB-dependent outer membrane proteins, 4 of which seem to be part of transport systems controlled by a FecIRA-type regulation mechanism.
Outlook
Analysis of the sequenced genomes of bacteria predict the frequent occurrence of ECF sigma factors, which in some bacteria represent by far the largest number of sigma factors, and many of which are controlled via the E. coli FecIRA type. There seems to be a correlation between the proposed ability of the bacterium to adapt to environmental changes and the number of ECF sigma factors, as exemplified by B. thetaiotaomicron, C. crescentus, P. aeruginosa, and P. putida. The few systems of the FecIRA type studied indicate that these ECF sigma factors control only a single operon, or a few genes, as has been shown for P. aeruginosa. Surface signalling does not require uptake of the inducer into the periplasm, as occurs in regulation via two-component systems, or into the cytoplasm where repressors and activators act. It is likely that the cell-surface signalling mechanism is involved also in the regulation of substrates other than iron compounds (ferric siderophores, heme, and hemoglobin), as has been shown for regulation of the synthesis of two proteinases of P. aeruginosa, and the hypersensitive response to R. solanacearum. The latter system is particularly interesting from two points of view: (i) the FecIRA type of regulation initiates a complex regulatory network, and (ii) the regulation is initiated by contact between two cell surfaces and no diffusible compound is involved. Substrates that are too large to be taken up, such as hemoglobin and polysaccharides, initiate transport systems for usage of their degradation products. Surface signalling would be the appropriate mechanism for transcription initiation of host-adapted genes upon contact with cell surfaces of eukaryotic hosts, as occurs, for example, during formation of type III secretion systems. It is likely that further study of Fec-type transcription initiation systems will uncover more regulatory networks and contact-induced transcription.
